Introduction
A wide spectrum of disease may affect the tissues of the oral cavity including dental caries, tooth wear, periodontal diseases, salivary gland diseases, mucosal ulceration, oral cancer and other mucosal dysplasias. Clearly, the aetiology and pathogenesis of each of these diseases display considerable differences, but a common feature will be the influence of the oral environment on the development and progression of the disease. This environment is complex and very heterogeneous. Regional differences in this environment exist within the oral cavity resulting from the anatomical features of the tissues, including the dentition and the soft mucosal tissues as well as flow of salivary secretions from the openings of the salivary ducts at specific positions in the oral cavity. Physiological, as well as pathological, variations in these salivary secretions can dramatically modify the environment of the mouth. Environmental changes are further exacerbated by the oral cavity being the first stage of the gastrointestinal system and therefore, subject to the influence of diet. It is thus clear that the oral cavity is a complex and changing environment, which is subject to a range of physiological and pathological changes.
Traditionally, dental caries has been considered the major disease of the dental tissues. World-wide, the placement, replacement and repair of restorations in teeth account for approximately 30-70% of a dentist's activity (Elderton & Davies, 1984; Maryniuk, 1984; Maryniuk & Kaplan, 1986; Drake et al, 1990; Anusavice, 1995; Wilson et al, 1997) and represent a considerable pressure on healthcare resources. However, reports of tooth wear showing a high prevalence, particularly among children and teenagers, have also emerged more recently (Millward et al, 1994; Milosevic et al, 1994; O'Brien, 1994; Bartlett et al, 1998; O'Sullivan et al, 1998; Al-Dlaigan et al, 2001a, b) . Treatment of tooth wear may also significantly impact on the provision of healthcare resources in dentistry and yet, like dental caries, represents a form of disease amenable to dietary intervention and targetting of preventive strategies. Tooth wear encompasses the triad of erosion, abrasion and attrition. While any one of these forms of tooth wear is not normally seen in isolation, loss of tooth substance through dietary erosion probably represents the major aetiological factor in young people. Dental caries and erosion show common features in terms of the acidic dissolution of the mineralised dental tissues, although both the origin of the acids and the dynamics of the dissolution processes show clear differences. Dental caries represents the dissolution of tooth tissue by acids arising from plaque bacterial metabolism, while dental erosion is the dissolution of tooth tissues by acids of extrinsic (dietary) or intrinsic (gastro-oesophageal reflux) origin (Figure 1 ). The predominant acids responsible for tooth dissolution during dental caries are weak organic acids, especially lactic acid, arising from plaque bacterial metabolism of dietary sugars. Erosion of extrinsic origin predominantly involves citric and other fruit-derived acids or phosphoric acid from cola drinks, while hydrochloric acid from the gastric juice gives rise to intrinsic erosion. The dynamics of the presentation of these acids to the dentition also differ in the two diseases with low concentrations of acid being nearly continually released at the tooth surface during caries and higher concentrations and amounts being intermittently flowed over the tooth surface during erosion. Not surprisingly, the appearances of the two types of lesion on the tooth show differences. Carious lesions appear more focal, being localised at sites of dental plaque accumulation while erosive lesions show much greater involvement of the tooth surface reflecting the flow of the acid over the dentition (Figure 2) .
While the pathogenesis of dental caries and erosion are different, a common factor in modifying lesion progression is that of the salivary secretions. Secretions arise from the three paired major salivary glands (parotid, submandibular and sublingual) together with the numerous submucosal minor salivary glands. These secretions intervene in the pathogenesis of dental caries and erosion in several ways: (a) their washing action contributes to the oral clearance of dietary acid and sugars together with plaque bacterial acid metabolites; (b) the buffering action of bicarbonate ions in the saliva acts to neutralise dietary and bacterial acids; (c) the remineralising action of calcium and phosphate ions in the saliva acts to reverse the acid demineralising effects and (d) salivary proteins and glycoproteins become adsorbed onto the charged surface of the tooth producing an acquired pellicle, which influences diffusion of small ions and molecules to and from the tooth (Edgar & O'Mullane, 1996) . The physiology of salivary secretion is complex and many factors contribute to both the rate of salivary flow and its composition (Edgar & O'Mullane, 1996) . As one of the body's secretions, saliva will be influenced by the hydration status of the body. However, little consideration has been given to assessing whether dehydration is a risk factor for dental disease. The purpose of this paper is, therefore, to review the evidence as to whether dehydration is a risk factor for dental disease, with particular reference to situations of mild dehydration.
Methods
The literature was reviewed using the Medline electronic database together with hand-searching of selected older monographs and relevant journals for evidence linking dehydration to dental disease. The approach was to use 'saliva' as the interlinking term between these parameters, since saliva is widely accepted to show an association with dental disease and hydration status. The results of the literature review were then considered in terms of the evidence for a causal relationship.
Results

Dental disease and salivary factors
As early as 1904, it was reported that individuals with diminished salivary flow developed severe, rapidly progressing carious lesions (Miller, 1904) and subsequent studies have demonstrated a significant increase in the incidence of caries with severe impairment of salivary gland function (Carbone et al, 1966; Karmiol & Walsh, 1975; Dreizen et al, 1977) . However, it has been more problematical to demonstrate a clear relationship between salivary flow and the incidence of caries in situations other than those where flow is severely impaired (Mandel, 1974) . The role of saliva in modifying the development of dental caries is multifactorial and many of these factors have been well reviewed (RuggGunn, 1993; Edgar & O'Mullane, 1996) . This multifactorial involvement of saliva in caries may have contributed to difficulties in establishing a clear relationship, although methodological variations in assessment of salivary flow rate and problems of accurate assessment of disease status during caries have also contributed. Saliva represents a very variable secretion, the flow rate and composition of which are influenced by a variety of factors (Mason & Chisholm, 1975; Edgar & O'Mullane, 1996) (Figure 3 ). Dental caries leads to subsurface tissue damage to the tooth, which is difficult to accurately quantify clinically and also, requires longitudinal study to establish the level of caries activity. These variations provide considerable difficulties for accurate and reproducible assessment of salivary secretions and caries activity, thereby helping to explain the lack of clear relationships between saliva flow rate and caries. However, the microbial aetiology to dental caries is emphasised by the concurrent increase in cariogenic organisms with caries incidence during severe impairment of salivary flow (Brown et al, 1975) . Consideration of Streptococcus mutans counts together with salivary flow and buffering capacity in children 3-16 y of age has allowed clearer relationships to be established with dental caries (O'Sullivan & Curzon, 2000) . Many of the protective functions of saliva are important in dental erosion as well as caries although, as for caries, it has been difficult to demonstrate direct relationships between salivary parameters and disease progression in dental erosion. Such parameters include salivary pH, buffering capacity, calcium and phosphate content, citrate content, pyrophosphate content, mucin content and unstimulated and stimulated flow rates (Mannerberg, 1963) . Associations between unstimulated salivary flow rate and buffering capacity with dental erosion have been reported (Hellström, 1977; Woltgens et al, 1985; Bevenius & l'Estrange, 1990; Järvinen et al, 1991; Gudmundsson et al, 1995) , although such associations were not observed in patients with reflux disease (Meurman et al, 1994) or in a recent case-control study of children (Al-Dlaigan et al, 2002) . Nevertheless, both salivary flow and buffering capacity appear to be important in neutralising dietary acid as demonstrated by the restoration of resting pH at the tooth surface within a few minutes of acid consumption (Millward et al, 1997) . Considerable intersubject variation appears to exist in the ability to buffer acidic drinks, although intrasubject variation is less (McCay & Will, 1949) . Thus, the physiological regulation of salivary flow and composition may contribute to individual susceptibility to dental erosion.
While the microenvironment at the tooth surface shows a number of differences during dental caries and erosion, a common feature is the influence of surface integuments. The acquired enamel pellicle represents a layer on the tooth surface, 0.1-1.0 mm thick, arising from selective adsorption of salivary (glyco-)proteins (Hay & Moreno, 1993) . In the absence of good oral hygiene this pellicle may become colonised by a complex flora of microorganisms leading to a much thicker coating of dental plaque on the tooth surface. Both the pellicle and dental plaque act as a diffusion barrier, slowing acid attack of teeth by dietary or bacterial acids and the loss of dissolved calcium and phosphate ions from the dental tissues together with the inward diffusion of salivary bicarbonate ions responsible for buffering. The dynamics of these diffusion processes will differ between dental caries and erosion, but nevertheless will influence disease pathogenesis. This is demonstrated by the protection of the enamel surface to acid exposure when covered by a salivaderived pellicle (Meurman & Frank, 1991; Hannig & Balz, 1999) . However, the protective effect of the pellicle may vary in relation to the efficacy of oral hygiene and the nature of dentifrice used (Kuroiwa et al, 1993) . This is highlighted by the presence of erosion on areas of the dentition that are relatively plaque free.
The broad individual variation in salivary physiology has hampered identification of strong associations between salivary parameters and dental disease, although clearly saliva is an important contributing factor to such disease processes. This makes elucidation of the link from dehydration to dental disease difficult, but nevertheless the key salivary parameters must be identified to better understand such relationships.
Salivary factors and dehydration
Saliva is a complex fluid comprising proteins and glycoproteins, together with inorganic ions, dissolved in water. The mixed secretion within the oral cavity is derived from the three pairs of extra-oral major salivary glands and the numerous accessory minor glands located within the oral mucosa. The relative contribution from each of these sources to salivary volume will be influenced by the time of day and by the nature and degree of glandular stimulation. The watery, serous parotid gland secretion is most predominant during mechanical stimulation when oral clearance is maximal. Compositional differences between the different glandular secretions will also contribute to the great variation in salivary composition and flow observed under physiological conditions (Edgar & O'Mullane, 1996) . A number of the factors affecting salivary composition and flow are illustrated in Figure 3 .
Much of the data on the relationship between hydration status and salivary flow are derived from early physiological experiments on dehydration (Gantt, 1929; Winsor, 1930;  & Bullock, 1933) . These studies have shown a decrease in salivary flow with increasing dehydration although with progressive dehydration, salivary flow appears to reach a minimum value and drops no further (Holmes, 1964) . While salivary flow appeared to be restored after ingestion of water following a 70 h period of progressive dehydration in humans (Winsor, 1930) , rather variable increases in salivary flow have been observed over a 105 min period in young adults after ingestion of 1 l of water (Holmes, 1964) . The decreased salivary flow observed in dehydrated patients with diabetes insipidus can be restored by administration of pitressin or forced fluids, while pitressin treatment has little effect on salivary flow in healthy individuals (Holmes & Gregersen, 1948) . Most of the above studies relate to conditions of extreme dehydration and while demonstrating a relationship between hydration status and salivary flow, have more limited relevance to more physiological conditions of milder dehydration.
The effects of milder dehydration have been examined after oral ingestion of sodium chloride, which raised salivary flow (Gregersen, 1930) although caution is perhaps required in the interpretation of these effects as being solely due to dehydration. Study of climatic changes in parotid saliva flow rate indicated lower levels of secretion during the summer months (Shannon, 1966) . Exercise provides an interesting model for study of the effects of milder dehydration. A number of studies have reported decreased salivary flow and compositional changes during exercise (Salminen & Konttinen, 1963; Shannon, 1967; Dawes, 1981; Bardon et al, 1983; Ben-Aryeh et al, 1989; Ljungberg et al, 1997; Walsh et al, 1999; Bishop et al, 2000) . The results of these studies have been rather variable, which may reflect wide differences in exercise schedules and also, different methods of saliva collection. For instance, it appears that the secretion rate of salivary immunoglobulin A is not affected by submaximal exercise (Mackinnon & Hooper, 1994) , but is decreased during more strenuous exercise (Mackinnon & Jenkins, 1993) . Exercise to exhaustion at different intensities showed a significant decrease in salivary flow rate during exercise, although the exercise protocols showed no long-term effects with recovery of salivary parameters within 1 h postexercise (Blannin et al, 1998) . Regular ingestion of a carbohydrate beverage during exercise led to a significantly higher salivary flow rate than during restricted fluid intake (Bishop et al, 2000) . No consistent trends between salivary flow rates and metabolic markers of hydration status could be observed during a 24 h period of fasting (Ship & Fischer, 1999) . The method of saliva collection during studies on hydration status is an important variable since true unstimulated salivary flow is very difficult to achieve and stimulated flow requires careful control of collection method. However, it is important that actual flow measurements are undertaken rather than simple self-reporting on the perception of oral dryness. Bergdahl and Bergdahl (2000) have reported that age and medication are key factors in hyposalivation, while female gender and psychological factors are more prevalent in cases of subjective oral dryness. Thus, associations exist between dehydration and salivary flow, but the precise nature of these associations is still unclear. This reflects both the difficulties of accurately assessing hydration status and the range of factors influencing salivary physiology and assessment of flow rate.
Discussion
This review has been able to identify associations both between saliva and dental disease and between saliva and dehydration. However, the precise nature of these associations remains to be fully elucidated. This reflects the difficulties of controlling the many variables involved, for example, saliva collection method, saliva flow and composition, accurate measurement of disease status and assessment of hydration status, etc. The link between dehydration and dental disease is not directly proved, although there is considerable circumstantial evidence to indicate that such a link exists.
Some of the gaps in our current knowledge that need to be addressed include: the variation (both inter and intrasubject) in salivary flow and its correlation with hydration status; the identification of a direct link (only indirect data are available) between dental disease and dehydration (under physiological conditions); the demonstration that rehydration can restore salivary protective function against dental disease following dehydration; the need for greater information on the effects of mild dehydration (eg, during exercise) on salivary physiology.
Future studies in this area might focus on the investigation of salivary physiology under carefully controlled conditions in normal subjects during exercise and the effects of rehydration, case-controlled studies of the prevalence of dental disease in subjects undergoing regular exercise and the effects of diet, particularly drinks, in such situations both on dental disease and salivary physiology. Various drinks have been found to exhibit a range of erosive potentials (Parry et al, 2001) on the dentition and their appropriate use for rehydration may prove beneficial.
